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Resum 
L’estudi de la hidrologia de les àrees Mediterrànies de muntanya és especialment important  ja 
que les regions Mediterrànies es caracteritzen  per una forta variabilitat intra i interanual de la 
precipitació, una forta estacionalitat climàtica, importants pertorbacions humanes i una 
distribució desigual dels recursos hídrics que depenen principalment de l’aportació de l’aigua de 
les àrees de muntanya. A més, hi ha pocs  estudis hidrològics centrats en aquestes regions. 
Durant el període 2011-2013 s’estan recollint dades hidrològiques de la conca d’investigació de 
Can Vila, monitoritzada des de 1996,  per tal de millorar la caracterització dels processos 
hidrològics  en conques Mediterrànies de muntanya. Les dades inclouen mesures hidrològiques 
distribuïdes i de traçadors ambientals (geoquímics i isotòpics) a diferents escales temporals 
(estacional i a escala d’esdeveniment). S’utilitzaran diferents metodologies (anàlisis de la 
relació precipitació-escolament, separació d’hidrogrames, índex d’humitat...) per tal d’analitzar: 
la dinàmica del nivell freàtic i del seu efecte sobre la relació precipitació-escolament; les 
dinàmiques dels diferents traçadors ambientals a escala estacional i d’esdeveniments; la 
contribució de l’aigua del sòl i del freàtic al torrent durant i entre els esdeveniments de pluja.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Resumen 
El estudio hidrológico de las áreas Mediterráneas de montaña es especialmente importante ya 
que las regiones Mediterráneas se caracterizan por una fuerte variabilidad intra e interanual de la 
precipitación, una fuerte estacionalidad climática, importantes perturbaciones humanas y una 
distribución desigual de los recursos hídricos, que dependen principalmente del aporte de agua 
de las áreas de montaña. Además, hay pocos estudios hidrológicos centrados en estas regiones. 
Durante el período 2011-2013 se están recogiendo datos hidrológicos de la cuenca de 
investigación de Can Vila, monitorizada desde 1996, con el objetivo de mejorar la 
caracterización de los procesos hidrológicos de las cuencas Mediterráneas de montaña. Los 
datos incluyen mediciones hidrológicas distribuidas y trazadores ambientales (geoquímicos e 
isotópicos) a diferentes escalas temporales (estacional y a escala de evento). Se utilizarán 
diferentes metodologías (análisis de la relación precipitación-escorrentía, separación de 
hidrogramas, índices de humedad…) para analizar: la dinámica del nivel freático y su efecto en 
la relación precipitación-escorrentía; las dinámicas de los diferentes trazadores ambientales a 
escala estacional y de evento; la contribución del agua del suelo y del agua subterránea al 
torrente durante y entre eventos de lluvia. 
 
 
 
  
 
 
Summary 
The study of the hydrology of Mediterranean mountain areas is especially important, as 
Mediterranean regions are characterized by a strong intra and interannual precipitation 
variability, strong climatic seasonality, past human disturbances and unevenly distributed water 
resources that mainly depend on runoff generated in mountain areas. In addition, there are 
relatively few studies focused on these regions. Hydrological data from the Can Vila research 
catchment, monitored since 1996, is being collected (2011-2013), in order to improve the 
characterization of the hydrological processes in Mediterranean mountain catchments. Data 
include distributed hydrological measurements and environmental tracers (both geochemical 
and isotope) at different temporal scales (seasonal to event scale). Using different 
methodologies (rainfall-runoff analysis, hydrograph separation, wetness index,...) data will be 
analyzed to study: the water table dynamics and its effect on the rainfall-runoff relationships; 
the seasonal and event scale dynamics of different environmental tracers and the rainfall; soil 
water and groundwater contributions to the stream during and between rainfall events. 
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1. Introduction 
1.1 General framework 
Water constitutes a scarce and essential resource for life and its sustainable management is of 
crucial importance. For this reason water is of significant scientific interest itself, and the 
knowledge of the hydrological pathways by which water moves through the catchment 
represents an important element for our hydrological, geochemical and ecological 
understanding.  
Hydrological studies are based on the identification of the processes and factors dominant in 
flow generation and on the relations among soil water, groundwater dynamics and stream flow. 
In early hydrological studies, hydrometric data of the stream flow was the main information 
analyzed. Over the last years, hydrometric, geochemical and isotope methods have been used 
alone or in combination to identify the processes and factors dominant in catchment hydrology. 
Few studies have employed the combination of all this data. The best option is to combine them 
to establish a greater understanding of catchment hydrology, as it varies spatially and 
temporally especially in regions with strong climatic contrasts.  
Most of the results obtained over the last 50 years correspond to humid and temperate regions. 
At the contrary, much less studies can be found in the literature for catchments with different 
climatic and human disturbance regimes, as for instance, Mediterranean regions. These regions 
are characterized by a strong intra and interannual precipitation variability, strong climatic 
seasonality, past human disturbances and unevenly distributed water resources which mainly 
depend on runoff generated in mountain areas. Consequently the study of the hydrology of 
Mediterranean mountain areas is especially important as a strategic aspect of water source 
management. As Mediterranean mountains share hydrological processes of both humid and 
temperate regions, they are also more sensitive to climate and land-cover changes. 
Understanding the hydrology of Mediterranean mountain areas may therefore also help to 
anticipate hydrological consequences of global change.  
1.2. Definitions and generalities 
The characterization of dominant runoff processes is not an easy task, especially when such 
processes occur below the soil surface. In consequence, even if surface runoff processes have 
often been well identified, as infiltration or saturation excess overland flow, processes occurring 
below the surface are still not properly understood (Latron and Gallart, 2008). To understand 
the catchment hydrological dynamics, it is necessary to distinguish types of flows, hydrological 
concepts and factors. 
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The volume of water that arrives and flows in a stream comes from either direct precipitation on 
the flowpath or from surface, subsurface (soil) and groundwater flow (Musy and Higy, 2010):   
 Runoff or overland flow is the flow over the surface of the ground produced after a 
storm. It depends on the intensity of precipitation and its capacity to quickly saturate the 
top few centimetres of porous media before infiltration (McDonnell et al., 1990). 
 The subsurface flow can be defined as the water that moves in the top layers of the soil 
that have been partially or totally saturated and the flow is carried by means of lateral 
drainage. 
 Groundwater flow is defined as the water that infiltrates and then finds its way slowly 
into the groundwater and aquifer before reaching the stream. 
 
Figure 1. Different flow types (Musy and Higy, 2010) 
In addition to the processes described above, other relevant definitions in this study are:  
 Unsaturated zone: where only a portion of the soil pores are filled with water, the rest 
are filled with air.  
 Saturated zone: when all the soil pores are just filled with water. 
However, the saturated and unsaturated zones are a continuous system of flow that contains soil 
water or groundwater. For this reason one can define: 
 The soil water as the water found in the unsaturated zone, where plants roots are found, 
down to the upper limit of the water table (Custodio and Llamas., 2001).  
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 The groundwater as the water of the saturated zone. Water table is the level at which the 
pore water pressure (groundwater) is equal to the atmospheric pressure (Gilman, 1994).  
Besides, it is also interesting to mention that there several factors conditioning the catchment 
hydrology (Latron, 2003): 
 The atmospheric forcing and climate determines water inputs to the catchment and the 
spatio-temporal variability.  
 The antecedent hydrologic conditions of the catchment affect the flows involved during 
a rainfall event. Generally, the more humid the initial state the greater number of 
processes is involved to runoff generation and higher discharge is obtained in the 
stream. 
 The hydrological properties of the medium and its variability, conditioned by the 
superficial formations, soils, vegetation type and land use. 
 The topography and morphology of the catchment are essential factors on the water 
movement by gravity. The slope and length controls the speed of the different flows. 
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2. State of the art 
2.1. Spatial-temporal dynamics of the water table 
The main objective of this section is to present the state of the art on the spatial and temporal 
dynamics of water table at the catchment scale. This section will focused on the description of 
the spatial and temporal dynamics of the water table, the role of water table on runoff response 
to rainfall events and the use of wetness indexes to predict water table patterns.   
2.1.1. Water table dynamics 
The role of groundwater is important in controlling stream water runoff processes during storms 
(Sklash and Farvolden, 1979), as well as in inter-storm periods (Molenat et al., 2005). It is 
therefore necessary to study the temporal and spatial variability of water table level within the 
catchment to understand its role on runoff (Latron, 2003; Latron and Gallart, 2008; Lana-
Renault et al., 2013).  
Some pioneering work in hydrology used piezometric data to understand runoff generation 
processes. For instance, Hursh and Brater (1941) used wells to study the water table level and 
its relation to the stream drainage. Later on, much attention has been paid to the role of 
subsurface flow in storm-flow generation. It has led to the development of models that aim to 
represent the variable extensions of the soil saturation area in relation to the topography (e.g. 
Beven and Kirkby, 1979). At this time, using hydrograph separation technique based on water 
isotope composition, Sklash and Farvolden (1979) report the important contribution of 
groundwater to runoff process. Nowadays, the research effort has led to several studies related 
with spatial and temporal water table dynamics, water table and runoff responses to rainfall 
events and with topographic indices to predict water table distribution. Even if numerous 
investigations have been carried out, especially in humid and temperate regions (e.g. Seibert et 
al., 1997; Daniels et al., 2008; Kuraś et al., 2008), the spatial and temporal behaviour of water 
tables is still not completely understood. In Mediterranean conditions, seasonal water table 
fluctuations are often observed, that increase the complexity of the water table dynamics (e.g. 
Latron et al., 2009; Lana-Renault et al., 2013). 
Usually during a rainfall event, the water table follows a typical dynamic, as represented in 
Figure 2. When rainfall starts, the unsaturated zone, the soil, is progressively filled, leading to a 
rise of the water table (Myrabø, 1997; Daniels et al., 2008; Latron et al., 2009). Later on, water 
table level reaches its maximum contributing to peak flow discharge. Usually the maximum 
water table elevation does not occur until after maximum peak flow discharge (Peters et al., 
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2003). Finally when rainfall ends, water table declines to return to pre-rainfall stages 
(Rosenberry and Winter, 1997).  
 
Figure 2. Stream flow and water table dynamics during a rainfall event in a blanket peat of UK (Evans et 
al., 1999).  
This dynamic described above is spatially and temporally variable between locations (e.g. 
Rosenberry and Winter, 1997; Seibert et al., 2003; Kuraś et al., 2008; Latron et al., 2009; Lana-
Renault et al., 2013). The spatial variability can be explained by the fact that water table depth is 
affected by the site characteristics (topography, surface infiltration) and climatic conditions 
(evaporation and precipitation) (Jordan, 1994; Rosenberry and Winter, 1997; Lana-Renault et 
al., 2013). The spatial variability has been seldom studied: Seibert et al., (2003) noticed that 
groundwater locations close to the streams have similar fluctuations as the stream, while the 
further locations not. These further locations still contribute to runoff during rainfall events 
(Dahlke et al., 2012). Lana-Renault et al., (2013) determined that spatial variability is especially 
important during groundwater recharge, but there is less variability at saturation or when water 
table is decreasing. 
To characterize the spatial structure of water table in the near stream regions, Lyon et al., 
(2006), use geostatistics analysis bases on semivariograms. The results obtained show that 
spatial and temporal variability increase the difficulty in predicting how water tables respond to 
rainfall events. 
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2.1.2. Water table-runoff responses to rainfall 
The antecedent water table elevation and moisture conditions are of crucial importance for 
water table dynamics (Myrabø, 1997; Evans et al., 1999; Penna et al., 2011; Dahlke et al., 
2012). The initial water table level is conditioned by rainfall and evaporative seasonality which 
cause highly seasonal variations (e.g. Evans et al., 1999; Latron, 2003; Molenat et al., 2008; 
Latron et al., 2009; Lana-Renault et al., 2013). In humid regions, during dry antecedent 
conditions, when water table is low the rising limb has been reported as much slower than in 
wet conditions (Evans et al., 1999; Peters et al., 2003; Daniels et al., 2008; Molenat et al., 
2008). This water table seasonality is also observed in Mediterranean catchments, where water 
table response varied from no response in dry conditions to very rapid response in wet 
conditions. During wetting-up periods, in response to significant autumn rainfall events a slow 
and delayed water table responses is often observed (Latron et al., 2009; Lana-Renault et al., 
2013). 
 
Figure 3. Relation between runoff ratio and antecedent water table (Evans et al., 1999). 
Several studies (e.g. Myrabø, 1997; Seibert et al., 1997; Daniels et al., 2008; Latron et al., 2009) 
have shown that in humid areas there is a strong correlation between water table level and 
runoff response. With high water table level, runoff generation is larger (Figure 3) and generally 
more rapid (Evans et al., 1999). This correlation depends on the amount and frequency of rain 
(Myrabø, 1997) and of the antecedent water table elevations (Evans et al., 1999; Daniels et al., 
2008). When antecedent water tables are lower there is less runoff response to rainfall. In 
addition, the correlation between water table level and runoff response is temporally and 
spatially variable; water table not always follows runoff dynamics and correlations decrease 
significantly with increasing distances from streams (Seibert et al., 2003; Kuraś et al., 2008). In 
Mediterranean regions the water table position has a strong influence on the relationship 
between rainfall and runoff during a rainfall event (Latron et al., 2009). However as 
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hydrological processes are widely variable in time and space owing to the strong variability of 
rain and evaporative processes (Lana-Renault et al., 2013), the relationship between runoff and 
water table depth is quite poor (Latron et al., 2009) compared to what is usually seen in humid 
areas (Figure 4). It is especially poor during the wetting up period, suggesting a low connection 
between groundwater and the hydrological response.  
 
Figure 4. Relation of discharge to water table in the humid catchment of Trout Beck in UK (Evans et al., 
1999).  
2.1.3. Wetness Topographic Index and models 
Catchment morphology plays an important role on the spatial distribution of hydrological 
processes (Latron, 2003). Topography is an important factor (O'Loughlin, 1981; Seibert et al., 
1997; Latron, 2003; Sørensen et al., 2006) as it affects the spatial distribution of soil moisture 
and groundwater (Sørensen et al., 2006). Consequently a satisfactory correlation between water 
table depth and topography can be expected (Jordan, 1994). The progressive interest of the role 
of topography to predict the soil moisture content promoted the definition of wetness indexes 
based on topography (Beven and Kirkby, 1979) or soil-topography (O'Loughlin, 1981; 
O'Loughlin, 1986). These indexes aim to represent the variable extension of soil saturation areas 
in relation to the topography.  
The most commonly used wetness index is certainly the topographic wetness index (TWI) 
proposed by Beven and Kirkby (1979) within the runoff model TOPMODEL. It is defined as: 
 WTI= ln(a/tanß)        (1) 
Where a is the local upslope area draining through a certain point per unit contour length and ß 
is the local slope. High index values means that there are potential subsurface or surface 
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contributing areas in the catchment (Beven, 1997). The application of the WTI assumes that 
there is parallelism between flow direction and ground slope. 
The TWI has been use in different catchments in order to know the relevance of topography in 
the locations of saturated areas (e.g. Jordan, 1994; Gómez-Plaza et al., 2001; Güntner et al., 
2004; Molenat et al., 2005; Sørensen et al., 2006). Criticism of the adequacy of this index have 
been reported in some studies (e.g. Gómez-Plaza et al., 2001; Güntner et al., 2004; Sørensen et 
al., 2006) as it did not reflect the catchment characteristics. For these reason, modifications of 
TWI were tested: Güntner et al., (2004) evaluated the predictive power of different terrain 
indices for modelling spatial patterns of saturated areas. They noticed that upslope contributing 
areas was an important factor. Sørensen et al., (2006) calculated the TWI, by varying six 
parameters (flow distribution, h_exponent, accumulated area, accumulated area downwards, 
slope and slope distance) affecting the distribution of saturated areas and by varying the way the 
slope is calculated. They concluded that different methods of calculating the TWI indeed 
produce a high variation in correlation strengths between the various TWI values and the 
different measured parameters. Gómez-Plaza et al., (2001) in semi-arid regions modified the 
TWI to account for the effect of spatially distributed insolation on the soil moisture dynamics. 
Despite these criticisms, other studies have shown the adequacy of the soil-topographic index to 
represent the spatial distribution of saturated areas (O'Loughlin, 1986). 
The TWI is used in the hydrological model TOPMODEL (Beven and Kirkby, 1979). This 
model, which is physically based, provides a reasonable representation of basin behaviour using 
only a small number of measured and estimated parameter values. It also provides the 
possibility of visualizing the predictions of the model in a spatial context (Seibert et al., 1997). 
TOPMODEL has been applied in different studies (e.g. Thompson and Moore, 1996; Piñol et 
al., 1997; Seibert et al., 1997; Gallart et al., 2005; Molenat et al., 2005; Gallart et al., 2007). 
However, in reason of the complexity encountered in some study areas, to fulfil the assumptions 
of the model (e.g. Gallart et al., 2007), a more dynamic version of the model have been 
developed (dynamic TOPMODEL, (Beven, 2001; Freer et al., 2004)) to cope with the 
hydrological response of more heterogeneous or seasonal areas. 
2.2 Seasonal and event-scale variations in solute and stable oxygen and hydrogen 
isotope concentrations. 
The main objective of this section is to present the state of the art of the seasonal and event-
scale variations in solutes concentrations and isotope ratios in the catchment stream waters and 
water pools. This section focus on the description of most used natural tracers using, as 
examples, the information obtained in different research catchments. 
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The main factors conditioning stream water chemistry are: The chemistry of precipitation, the 
weathering, the residence time of water in soil and the biological activity (Muscutt et al., 1990; 
Rodà et al., 1990; Piñol et al., 1992; Avila et al., 1995). Some of these processes are highly 
dynamic at seasonal or event scales (Holloway and Dahlgren, 2001). Therefore, stream water 
chemistry is determined by the relative importance of the contributing sources of water (rainfall, 
soil water and groundwater) which are in turn affected by antecedent moisture conditions 
(Muscutt et al., 1990). 
Mediterranean catchments are characterized by a strong intra and interannual precipitation 
variability, with wet and dry years and drought periods in summer (Latron and Gallart, 2008). 
This variability influences  the temporal variability of soil moisture (Gallart et al., 2002) and the 
seasonal dynamics of stream water and groundwater (Butturini and Sabater, 2002; Latron, 
2003). Finally, this variability increases the complexity of the water chemistry dynamics in 
Mediterranean catchments. 
2.2.1 Seasonal variations in solute concentrations and stable oxygen and hydrogen isotope 
ratios. 
2.2.1.1 Rainfall, soil water and groundwater contributions to stream solute concentrations  
The chemical composition of the rainfall is mostly dominated by ions associated to atmospheric 
deposition and dissolved organic carbon (Peters, 1994; Neal et al., 2005). During rainfall events 
the nutrients deposited on the canopies are swept, infiltrated into the soil and leached to 
groundwater, contributing to the stream water biogeochemical composition. In addition, water 
enrichment by weathering, which is the major process shaping the water solution in some 
Mediterranean forest ecosystems (Rodà et al., 1990; Piñol et al., 1992; Avila et al., 1995), is 
increased by long residence time and higher temperatures. 
Soil solution chemistry is temporally and spatially variable due to multiple physical and 
biological processes involved. The role of soil moisture is of major importance as it determines 
the concentration of solutes into the soil, both by rock weathering or by ions concentration 
during the evaporative processes (Rodà et al., 1990). For this reason, if a catchment presents dry 
antecedent conditions before an event, the soil solute concentration during this rainfall event is 
high (Muscutt et al., 1990; Bernal et al., 2002).  
Finally, the groundwater compartment is a highly reactive medium of solute storage and 
transport (Neal et al., 1990; Soulsby et al., 1998), which is also affected by percolation (Rouxel 
et al., 2011). 
State of the art   10 
 
2.2.1.2 Stream water solute concentrations 
Most of the studies dealing with stream water chemistry are focused on the evolution of water 
chemistry during storm flow events; however there is an increasing interest on the variations of 
stream water chemistry at the annual and seasonal time scales. This section will be focused on 
seasonal variations in stream water solute and isotope concentrations. 
The main chemical elements studied at the catchment scale are: potassium, calcium, 
magnesium, sodium, silica, nitrate, sulphate, chloride and dissolved organic carbon. These 
elements are used as natural tracers to determine the source areas and water flow paths within 
the catchment (Uhlenbrook et al., 2002). Pionke and DeWalle (1994) proposes to use each 
tracer depending on the information we want to obtain, as all the tracers come from diverse 
sources and provide different information. 
It has been observed that elements of similar sources are strongly correlated. There is a 
correlation between sulphate and chloride that are mainly from atmospheric origin, between 
nitrate and potassium both biophilic ions and between the lithophilic ions: calcium, magnesium 
and sodium. Silica is an exception, because it does not correlate with the other lithophilic ions 
but with the biophilic ones (Avila et al., 1992). 
The seasonal variations of the most studied chemical tracers are described below. 
Silica 
The concentration of silica in water is regulated by weathering process (Muraoka and Hirata, 
1988; Rodà et al., 1990; Holloway and Dahlgren, 2001). It depends on the lithology (Pionke et 
al., 1993) and the contact time of water with the silicate minerals determines the concentration. 
Silica is useful to determine the water residence time in soil or groundwater (Muraoka and 
Hirata, 1988; Marc et al., 2001; Uhlenbrook et al., 2002). 
Silica concentration is low in rain compared to soil water and groundwater (Muraoka and 
Hirata, 1988; Huth et al., 2004) (Figure 5). Throughout non-storm periods silica concentration is 
similar in groundwater and soil water (Pionke and DeWalle, 1994). During rain periods, the 
concentration near the surface decreases partly because of dilution by leaching, which is caused 
by the rainwater infiltration (Muraoka and Hirata, 1988). 
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Figure 5. Silica change with vertical water migration in the forest ecosystem of Tsukuba. Data are 
averages for the period of February to November of 1986 (Muraoka and Hirata, 1988). 
Dissolved organic carbon (DOC) 
The dissolved organic carbon can be leached from organic matter contained in soil or stored in 
channel beds sediments or algae decomposition in stream water (e.g. Kaplan et al., 1980; Baron 
et al., 1991; Boyer et al., 1997; Butturini et al., 2006). The concentration of DOC in rainfall 
should be also considered as an input to the soil surface and to the stream water during a rainfall 
event (Neal et al., 2005). Consequently, DOC concentration in the surface soil is higher than the 
deep soil and the groundwater (Su-Jin et al., 2012).  
The major export of DOC from catchments is usually produced during rainfall events (e.g. 
Ivarsson and Jansson, 1994; Newbold et al., 1997; Neal et al., 2005). In non storm period there 
is a slightly DOC increase in the stream (Ivarsson and Jansson, 1994), and in general, DOC 
concentrations increase in the stream in autumn during the rainy period, because soil water is 
enriched with DOC, as a consequence of the highest biological activity. However, in alpine 
catchments (Boyer et al., 1997), DOC concentrations in groundwater are highest during spring 
snowmelt, when water table rose.  
There are studies of DOC dynamics in catchments located in humid (e.g. Kaplan et al., 1980; 
Newbold et al., 1997; Neal et al., 2005), alpine (e.g. Baron et al., 1991; Boyer et al., 1997), 
subarctic (e. g. Ivarsson and Jansson, 1994; Hudon et al., 1996) and arctic (e.g. Peterson et al., 
1986) areas. However in Mediterranean areas there are few studies. The variability of the 
magnitude of storms, their temporal sequence and frequency can increase the variability of the 
relationship between DOC and discharge (Butturini and Sabater, 2000). Consequently DOC 
concentrations reach a maximum in stream in late summer, after the typical drought period of 
this area (Bernal et al., 2002). 
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Potassium and nitrate 
Potassium is mainly produced by leaching of vegetation and soils organic matter (Rodà, 1983; 
Hangen et al., 2001). It follows a seasonal sinusoidal variation as base flow but opposite to 
discharge, as it is shown in Figure 7 (Peters, 1994). In Mediterranean catchments (Piñol, 1990) 
during dry season when stream flows are lowest, potassium concentrations are the highest, 
reflecting high concentrations in groundwater (Peters, 1994). Later on, during rainfall events 
groundwater contributes to the stream and potassium increases in the stream with increasing 
discharge (Piñol, 1990; Avila et al., 1992; Peters, 1994). The relationship between potassium 
and discharge is however not always clear because of the different processes controlling the 
seasonal potassium fluctuations (Peters, 1994). 
Figure 6 and Figure 7 show the high concentrations of potassium in the stream in the first storm 
after a dry period and the seasonal fluctuations of potassium during the year. 
 
Figure 6. Seasonal variation of potassium concentration in the stream waters of four Mediterranean 
catchments (Montseny, North East Spain) (Piñol, 1990). 
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Figure 7. Variations in daily mean discharge and potassium of the stream water of Panola Mountain 
catchment from October 1985 to September 1988. Weekly and storm samples are represented (Peters, 
1994). 
Organic matter is the major pool of nitrate since this anion is mainly controlled by biological 
processes as mineralization and vegetation uptake (Neal et al., 1990; Soulsby et al., 1998; 
Molenat et al., 2008). The connections of low and rich nitrate areas to the stream are also 
important in the control of stream nitrate concentrations (Molenat et al., 2008). 
In Mediterranean regions, seasonal pattern of nitrate concentrations in stream water indicate a 
temporal decoupling between the moment when nitrate is available to plants and the moment 
when the plants are able to use it (Holloway and Dahlgren, 2001; Bernal et al., 2005; Halliday et 
al., 2012). Nitrate has an opposite seasonal pattern compared to other ions; it remains elevated 
throughout the dormant period and presents a progressive decrease during spring due to 
vegetation uptake (Holloway and Dahlgren, 2001; Neal et al., 2001; Butturini and Sabater, 
2002; Bernal et al., 2005; Molenat et al., 2008). This seasonal variability is low (Peters 1994), 
as it depend on plants activity and discharge (Bernal et al., 2002; Molenat et al., 2008). In 
addition, in Mediterranean catchments nitrate concentrations in groundwater are always very 
low (Avila and Rodà, 2012), but in the stream it is even lower (Butturini et al., 2002). It is more 
detectable during rainfall events (Avila and Rodà, 2012), when groundwater contributes the 
stream flow. Butturini et al., (2002) suggested that in this climatic region the variability of 
nitrate in stream is mainly generated by groundwater inputs. 
Sulphate and chloride 
The main sources of sulphate and chloride are rainfall and atmospheric dry deposition, but the 
concentration of these ions also increased by evaporation (Rodà, 1983; Piñol et al., 1992; 
Holloway and Dahlgren, 2001). Moreover, sulphate is also a product of weathering when 
sedimentary rocks with gypsum deposits are present (Custodio and Llamas., 2001). 
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Piñol et al., (1992) described that sulphate and chloride concentrations present a marked 
seasonality in several Mediterranean catchments, with accumulation during the dry period as a 
result of evaporation and an increase during the first storm events (Figure 8 and Figure 9) 
(Holloway and Dahlgren, 2001). In wetter environments different seasonality and less 
accumulation is observed (e.g. Peters, 1994; Neal et al., 2001; Halliday et al., 2012), with high 
concentrations in winter, as there is an atmospheric input during rainfall events, and minimum 
concentrations in summer. 
 
Figure 8. Seasonal variation of sulphate concentration in the stream waters of four Mediterranean 
catchments (Montseny, North East Spain) (Piñol, 1990). 
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Figure 9. Seasonal variation of chloride concentration in the stream waters of four Mediterranean 
catchments (Montseny, North East Spain) (Piñol, 1990). 
Calcium, magnesium and sodium 
Magnesium, calcium and sodium are lithophilic ions produced by minerals weathering, 
enhanced by evaporation (Soulsby et al., 1998). There are few studies of these ions, but 
seasonality is observed in different catchments (e.g. Piñol, 1990; Piñol et al., 1992; Holloway 
and Dahlgren, 2001; Halliday et al., 2012).  
2.2.1.3 Stream water isotopic composition 
Changes in Deuterium (δ2H) and Oxigen-18 (δ18O) concentrations in water are mainly 
controlled by the fractionation that occurs during evaporation and condensation processes 
(Epstein and Mayeda, 1953). Under equilibrium conditions water vapour is isotopically lighter 
than liquid water (Mook, 2006). During evaporation, water vapor is relatively depleted in the 
heavy isotopes while the remaining liquid water becomes progressively enriched. Conversely, 
during condensation of water vapor the heavier isotopes of water are preferentially removed 
from the air mass, consequently the air mass becomes progressively lighter in isotopic 
composition (Buttle, 1994; Kendall and Caldwell, 1998).  
The main factors that determine the isotopic signatures of rainfall are not only the processes of 
evaporation and condensation in the atmosphere, but also catchment altitude, rainfall amount, 
variations in vegetation cover and the influence of moisture sources responsible for the 
generation of rainfall (Pearce et al., 1986; Mook, 2006; Lyon et al., 2009). The δ2H and δ18O 
isotopic composition of rainfall vary not only seasonally, but also from storm to storm 
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(Genereux and Hooper, 1998), within individual storm (Kennedy et al., 1986; McDonnell et al., 
1990) and spatially (Kendall and McDonnell, 1993; O'Driscoll et al., 2005). 
δ18O and δ2H concentrations in waters are generally expressed as δ values, which indicate per 
mil (‰) differences between the observed value and  the Standard Mean Ocean Water (SMOW) 
(Craig, 1961). 
δ2H or δ18O = [ (Rsample - RSMOW)/ RSMOW] x 1000 ‰   (2) 
where R is the D/H or 18O/16O ratio. 
When the stable isotopic ratios of rainfall samples collected all over the word are plotted 
relative to each other (i.e. δ2H versus δ18O), the data displays a linear correlation, the Global 
Meteoric Water Line (GMWL) (Craig, 1961) (Equation 3). 
δ2H = 8 δ18O +10 ‰        (3) 
Many studies compare their local meteoric water line (LMWL) with the GMWL (Figure 10) 
(e.g. Pearce et al., 1986; Neal et al., 1992; Vallejos et al., 1997), which might have different 
slope and intercept (Ingraham, 1998) as it is shown in Table 1. Some studies also contrast the 
isotopic correlation of stream water or groundwater with the GMWL (e.g. Kennedy et al., 1986; 
Neal et al., 1992). In Mediterranean regions rain has less negative isotope rations than Atlantic 
rain, owning to its shorter distance from the sea, which implies less fractionation (Vallejos et al., 
1997).  
Table 1. The Local Meteoric Water Line of different studies in different World regions. 
LMWL Catchment location  Reference 
δ2H = 7.63 δ18O +11.7 ‰ East coast of England (Heathcote and Lloyd, 1986) 
δ2H = 4.5 δ18O +7.6 ‰ Northwestern California (Kennedy et al., 1986) 
δ2H = 7.3 δ18O +7.9 ‰ Maimai, New Zealand (Pearce et al., 1986) 
δ2H = 7.9 δ18O +16.12 ‰ Northeastern Spain (Neal et al., 1992) 
δ2H = 7.86 δ18O +11.1 ‰ Semi-arid region of Tanzania (Hrachowitz et al., 2011) 
δ2H = 7.72 δ18O +16.12 ‰ Southern Rwanda (Munyaneza et al., 2012) 
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Figure 10. Correlation of δ2H and δ18O of rainfall samples in Sierra de Gador, Spain. The Mediterranean 
Meteoric Water Line (MMWL) and the Global Meteoric Water Line are also represented (Vallejos et al., 
1997).  
Few studies have explored the seasonal dynamics of water isotopes in rain, stream flow, soil 
water or groundwater (e.g. DeWalle et al., 1997; Soulsby et al., 2000; O'Driscoll et al., 2005). 
The isotope signature seasonal dynamic is characterized by enriched water in summer and 
lightest water in spring (Durand et al., 1993; Rice and Hornberger, 1998). In addition, it has 
been observed that stream water and groundwater isotope signals follows the same seasonal 
trend as rainfall (Figure 11), (Pearce et al., 1986) that can be expressed as a sinusoidal function 
(Figure 12) (Soulsby et al., 2000). Rainfall exhibits stronger seasonal variations (Soulsby et al., 
2000; O'Driscoll et al., 2005), conditioned by differences in storm origins, atmospheric flow 
paths of the storm trajectories and temperatures (Ingraham, 1998). Furthermore, baseflow 
seasonality is also conditioned by basin size and soil depth (DeWalle et al., 1997). 
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Figure 11. Seasonal variation of δ18O in rainfall, stream water (M8) and groundwater (Well A and B) at 
Maimai catchment (Pearce et al., 1986). 
 
Figure 12. Seasonal evolution of δ18O concentration in rainfall, soil water and stream water (G1) at Allt 
a’Mharcaidh catchment. The lines are their respective fitted regression models in a sinusoidal curve 
(Soulsby et al., 2000). 
2.2.2 Event-scale variations in solutes and stable oxygen and hydrogen isotope 
concentrations 
2.2.2.1 Event-scale variations in stream water solute concentrations  
Geochemical and isotopic tracers have been largely used over the last decades to determine 
stream flow components during rainfall events. The chemical methods can provide information 
on flow spatial origin and pathways, while isotopic ratios of water can be used to establish the 
temporal sources of water. However, changes of stream water solutes concentration during 
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rainfall events and the origin of water which contributes to stream flow during a flood event are 
still poorly understood (Kirchner, 2003; Lischeid, 2008). 
The dominating flow path during a rainfall event determines the catchment stream chemistry 
during and after the event (Boyer 1997, Wagner 2008). This response is influenced by a 
multitude of factors such as climatic conditions, rainfall intensity, morphology of the area, 
vegetation, soil characteristics or antecedent moisture conditions. 
Harriman et al., (1990) identified three phases during a flow event. At the beginning there is a 
low flow response where chemical changes are controlled by dilution. Later on, during the peak, 
chemical response reflects the mixing of waters of different compartments (rainfall, soil, 
groundwater...). Finally, during flow recession, some solutes concentrations and the flow level 
returns to the conditions prior to the rainfall event. This chemical dynamics and the origin and 
residence time of chemical solutes in different hydrological water sources within the catchment, 
allow using them as chemical tracers to separate the relative contribution of the different water 
compartments during a rainfall event (Ribolzi et al., 2000; Ladouche et al., 2001). 
Results obtained on the dynamics of the most common chemical elements during rainfall 
events, as well as the findings derived from their use as tracers of water origin, are summarized 
below: 
Silica  
Figure 13 and Figure 14 show that during rainfall events, silica concentration in the stream is 
diluted and decreases sharply when discharge increases. After the flood peak silica 
concentration returns shortly to pre-event concentrations (e.g. Kennedy et al., 1986; Loÿe-Pilot, 
1990; Pionke et al., 1993; Hoeg et al., 2000; Holloway and Dahlgren, 2001; Ladouche et al., 
2001; Halliday et al., 2012). 
Silica concentration in the stream during the event is the result of a mixing of rain water, which 
is low in silica, and pre-event water, which has higher silica concentrations because water stored 
in the catchment has been in contact with silicate minerals (Marc et al., 2001; Joerin et al., 2002; 
Stewart and Fahey, 2010). For this reason this element is useful to assess the water flowpaths 
(Buttle and Peters, 1997; Ladouche et al., 2001) and the water residence time (Marc et al., 
2001). Even if silica is considered as a non-conservative tracer, it is more conservative than 
other tracers (Onderka et al., 2012). Hooper and Shoemaker (1986) indicated that depending on 
the specific soil properties of each catchment silica may be or not conservative and that this 
assumption has to be tested.  
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Figure 13. Rainfall, oxygen isotope and silica concentration in the stream during a rainfall event (Pionke et 
al., 1993). 
Dissolved organic carbon (DOC) 
The understanding of DOC dynamic in the stream during rainfall events is essential for three 
reasons: (i) much of the DOC export from soil to streams occurs during rainfall events; (ii) 
variations of DOC during storm events give insight into the mechanisms by which DOC is 
delivered to the stream, (iii) DOC is useful to determine the flow pathways (Morel et al., 2009). 
In the stream, DOC concentration also varies rapidly with discharge (Soulsby, 1995; Wagner et 
al., 2008). In some studies DOC levels tend to reach a maximum before the hydrograph peak 
and remain high during the flow recession (Harriman et al., 1990; Dahlke et al., 2012). 
However, in Mediterranean catchments (e.g. Bernal et al., 2002; Butturini et al., 2006) as well 
as in other regions (e.g. Ladouche et al., 2001; Carey and Quinton, 2005; Morel et al., 2009; Su-
Jin et al., 2012) the highest DOC concentrations coincided with the storm peak, with a rapid 
decline to pre-storm levels during the recession limb (Figure 14). This synchronism between 
peak discharges and DOC peak concentrations may confirm that the main source of DOC is 
close to the stream (Morel et al., 2009). 
However, discharge explains only a small fraction of the temporal variability in DOC 
concentration. Other factors as the antecedent conditions also affect the variability of DOC 
concentration (Butturini and Sabater, 2000; Bernal et al., 2002; Butturini et al., 2006). For 
example, under wet antecedent conditions the correlation between DOC concentration and 
discharge is weaker (Biron et al., 1999).  
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DOC has been used as a tracer in some studies to identify the contribution from soil water 
compartment (e.g. Ladouche et al., 2001; Carey and Quinton, 2005; Morel et al., 2009; Dahlke 
et al., 2012) 
 
Figure 14. Compared variations of DOC, silica and discharge during rainfall event (Ladouche 2001). 
Potassium and nitrate  
Potassium and nitrate are manly mobilized during rainfall events (Bernal et al., 2002). When 
discharge increase, potassium (e.g. Rodà, 1983; Loÿe-Pilot, 1990; Piñol et al., 1992; Llorens et 
al., 1997; Marc et al., 2001; Uhlenbrook et al., 2002) and nitrate (e.g. Rodà et al., 1990; 
Butturini and Sabater, 2002; Bernal et al., 2005; Butturini et al., 2006) concentrations increase. 
After the flood peak both elements returns rapidly to pre-event concentrations (Figure 15) 
(Avila et al., 1992). With successive rainfall events their mean concentration decrease in the 
stream (Holloway and Dahlgren, 2001).  
Different studies (e.g Avila, 1987; Avila et al., 1992; Biron et al., 1999; Bernal et al., 2002; 
Butturini and Sabater, 2002) reported that antecedent moisture conditions and the magnitude of 
the rainfall event were the most relevant factors controlling nitrate dynamics.  
Potassium and nitrate, in combination with other tracers, have been used as tracer to study the 
stream water origin (e.g. DeWalle and Pionke, 1994; Merot et al., 1995; Ribolzi et al., 2000; 
Burns et al., 2001; Ladouche et al., 2001; Butturini and Sabater, 2002; Uhlenbrook et al., 2002; 
Morel et al., 2009; Barthold et al., 2011; Neill et al., 2011). In Mediterranean catchments, 
different results were obtained using nitrate as tracer: Ribolzi et al., (2000) identified event 
water as the main contribution to stream during rainfall events, whereas Butturini and Sabater 
(2002) found that groundwater contribution was dominant. 
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Figure 15. Discharge, potassium and nitrate evolution in stream water during a short rainfall event with dry 
antecedent conditions (Avila et al., 1992) 
Sulphate and chloride 
There are several studies of sulphate and chloride dynamics during rainfall events. In different 
regions a decrease of both ions in the stream during rainfall events was observed (e.g. Muraoka 
and Hirata, 1988; Pionke and DeWalle, 1994; Holloway and Dahlgren, 2001; Ladouche et al., 
2001; Petelet-Giraud and Negrel, 2007). In Mediterranean catchment this decreases has been 
sometimes attributed to the dilution by rain water and to the absence of Cl-evaporite (Petelet-
Giraud and Negrel, 2007). On the contrary, an increase of sulphate concentration during rainfall 
events has been reported by Peters (1994),  as a result of sulphate mobilization from sulphate 
enriched areas and rain inputs. In some Mediterranean catchments (Loÿe-Pilot, 1990; Piñol, 
1990; Avila et al., 1992) this increase, followed by a slow decrease that did not return to the pre-
storm level within the time of the hydrograph response, has been related to the effect of 
evapotranspiration and of the limited chemical reaction between these ions and the soil and 
vegetation during the rainfall event. 
Although there is not a clear relationship between chloride and sulphate elements and stream 
flow (Soulsby, 1995), they have sometimes been considered as good tracers for identifying the 
water sources (Pionke and DeWalle, 1994; Ribolzi et al., 2000; Holloway and Dahlgren, 2001). 
However, using these ions in combination make no sense since they provide the same 
information (Ribolzi et al., 2000). 
Calcium, magnesium and sodium 
During rainfall events calcium, magnesium and sodium either decrease or increase with 
increasing flow (Piñol, 1990; Avila et al., 1992; Piñol et al., 1992). Biron et al., (1999) noticed a 
decrease of sodium with increasing discharge, while Muscutt et al., (1990) detected an elevated 
calcium and magnesium concentrations in the stream during the storm (Figure 16). In different 
Mediterranean catchments variable responses of calcium, magnesium and sodium have been 
State of the art   23 
 
observed during rainfall events (Avila et al., 1992; Piñol et al., 1992). Most commonly a 
decrease in the concentration of these ions has been however reported (Loÿe-Pilot, 1990; Piñol, 
1990; Llorens et al., 1997; Petelet-Giraud and Negrel, 2007). 
These ions concentrations dynamics are determined by cation exchange processes, with the clay 
or humus complex, dissolution of minerals or precipitation. Consequently, such chemical 
compounds cannot always be used as hydrological tracers (Ribolzi et al., 2000). Some studies 
have however used them combined with other solutes to study the flowpath during rainfall 
events (e.g. Hooper et al., 1990; Christophersen and Hooper, 1992; Pionke et al., 1993; Burns et 
al., 2001; Joerin et al., 2002; Liu et al., 2004; Barthold et al., 2011; Neill et al., 2011). For 
example, Joerin et al., (2002) uses calcium as tracer in order to distinguish groundwater from 
surface water. 
 
Figure 16. Sodium, calcium and magnesium fluctuation during rainfall event at study catchment in Mid-
Wales (Muscutt et al., 1990). 
2.2.2.2 Event-scale variations in stream water isotopic composition 
Because of several factors described in section 2.2.1.3, short-term variations in the isotopic 
signature of precipitation during rainfall events are commonly observed (e.g. Smith et al., 1979; 
Heathcote and Lloyd, 1986; McDonnell et al., 1990; Metcalf, 1995). For groundwater, observed 
variations in isotope composition appears to be caused by the combined effects of rainfall intra-
storm variation and spatial and temporal variability in subsurface flow paths (Kendall and 
McDonnell, 1993). 
During a rainfall event, the rainfall and stream water isotopic signatures are mixed. 
Consequently, the stream water isotopic signature tends to approximate the rainfall isotopic 
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signature (Figure 17). Groundwater isotopic signature contributes to stream water especially 
during the recession stage, when the stream water isotopic signature returns to the initial 
signature (Sklash et al., 1976; Durand et al., 1993; Pionke and DeWalle, 1994; Ladouche et al., 
2001; Cras et al., 2007). 
 
Figure 17. Variations of δ18O in rainfall (PS) (a) and in the stream (RS) at the outlet (b) compared with rain 
(a) and discharge variations (b) during the 18± 20th May storm event (Ladouche et al., 2001). 
Oxygen-18 (δ18O) and deuterium (δ2H) water isotopes are natural tracers that have been largely 
used in hydrology to better understand stream water sources and flowpaths during rainfall 
events (e.g. Sklash et al., 1976; Loÿe-Pilot, 1990; Jenkins et al., 1994; Ladouche et al., 2001; 
Huth et al., 2004). They also permit the determination of the relative age of water that has 
entered in the catchment (Sklash et al., 1976). Even if, there are studies using only one isotope 
tracer to study runoff generation (e.g. Burns et al., 2001; Huth et al., 2004), it seems more 
appropriate to use both to contrast information (Lyon et al., 2009). 
2.3. Hydrograph separation using isotopic and geochemical approaches 
Hydrograph separation (quantitatively apportioning storm runoff in a stream or river among 
contributions from different water sources) represents one of the earliest forms of catchment 
hydrological analysis (Genereux and Hooper, 1998). Traditional methods based on graphical 
separations where used in the past (e.g. Linsley et al., 1982; Beven, 1991). This approach has 
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been augmented in recent years by methods based on chemical and isotopic tracers. These 
techniques use isotope (e.g. Sklash et al., 1976; Sklash and Farvolden, 1979; Pearce et al., 1986) 
or chemical (e.g. DeWalle and Pionke, 1994; Hangen et al., 2001) tracers to solve a mass 
balance expression to study the flowpath and residence time of water of different origin (most 
commonly rain, soil water and groundwater). In this chapter, previous findings obtained through 
the use of hydrograph separation technique are presented. 
2.3.1 Spatial and temporal tracers of runoff generation 
In order to study the runoff generation processes two main approaches may be used: one 
considers the spatial origin of water whereas the other is more focused on the temporal aspects. 
Focusing on the spatial origin of water allow to investigate flowpaths, in order to find out the 
course that the water has taken from where rainfall infiltrated into the soil until it reach the 
stream. On the other hand, the temporal aspects consider the water residence time in order to 
determine how long the water takes to travel from the surface to the stream. Both temporal and 
spatial aspects are connected and therefore are often studied in parallel to investigate about 
runoff generation processes. 
The spatial water origin or water flowpaths during a rainfall event are studied by using 
geochemical tracers that are released specifically in certain hydrological compartments of the 
catchment (Kennedy et al., 1986; Ladouche et al., 2001; Lischeid, 2008). The chemistry of each 
water component may be distinctive because it has interact differently with canopy surface, 
forest litter, soil minerals, soil organisms and bedrock (Avila et al., 1992). Consequently the 
chemistry of each water source determines the resulting stream flow chemistry during and after 
the event. A variety of solutes have been used in different studies. For example, Huth et al., 
(2004) used silica and sodium concentrations to differentiate between water that flowed through 
the soil compartment and acquired a substantial sodium or silica signature (reactive water) and 
rain water with a silica or sodium concentration near zero. Burns et al., (2001) used calcium, 
magnesium, potassium, sodium, sulphate, chloride and silica to differ water sources of different 
chemical composition (outcrop, hillslope and riparean area).  
The residence time is usually assessed by conservative isotopic tracers, (oxygen and hydrogen 
stable isotopes), that preserve the temporally isotopic signature of the rainfall (Lischeid, 2008), 
while pre-event water component is assumed to be stable (Sklash and Farvolden, 1979). 
However, such isotopes give no information about the flowpath that the event and pre-event 
water followed in order to reach the stream (Sklash et al., 1976; Ladouche et al., 2001). Isotopic 
tracers possesses several advantages over chemical tracers such as major ions, because the water 
isotopic content can be altered only by mixing with isotopically different masses (Sklash et al., 
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1976) and there is no potential interaction between minerals and interstitial water as for 
chemical tracers (Kennedy et al., 1986; Buttle, 1994).  
In catchment hydrology, solutes or isotopes that are not subject to reactions or alterations 
(conservative tracers) are therefore suitable to be used as tracers of spatial or temporal origin 
(Lischeid, 2008). The utility of conservative tracers depends on the promise that their 
concentration reflects only the storage and transport (Inamdar, 2011). For many years 
hydrologist did not combine chemical and isotope data. Nowadays to better understand runoff 
generation processes, investigations using stable isotopes associated with chemical tracers have 
been undertaken in many different catchments (e.g. Kennedy et al., 1986; Ladouche et al., 2001; 
Uhlenbrook et al., 2002; Munyaneza et al., 2012). 
The most commonly applied tracers in hydrograph separation studies are: Ca, Mg, K, Na, Cl-, 
Si,  δ2H and δ18O (e.g. Inamdar, 2011), even if Barthold et al., (2011) pointed out recently that 
sometimes major elements are no always the most useful tracers. 
2.3.2 Mixing models 
Stream water during a rainfall event is a mixing of n different water components or end-
members or water sources. To determine their contribution and residence time n-1 tracers are 
required. The use of mixing models of two-component hydrograph separation were 
implemented to determine the "new" (event) and "old" (pre-event) component of runoff during a 
rainfall event (Sklash and Farvolden, 1979), the components being referred as time source 
(Sklash et al., 1976). This source identification has been usually achieved through the use of 
stable isotopes (e.g.Sklash et al., 1976; Sklash and Farvolden, 1979; Pearce et al., 1986) or 
chemical tracers (e.g. DeWalle and Pionke, 1994; Hangen et al., 2001). Subsequently the 
importance of soil water contribution to storm event has been recognized (DeWalle et al., 1988; 
DeWalle and Pionke, 1994; Hinton et al., 1994; Jenkins et al., 1994; Ribolzi et al., 2000). 
Consequently three or more components where considered and quantified using three or more 
component hydrograph separation technique or End member mixing analysis (EMMA) 
(Christopherson et al., 1990; Hooper et al., 1990; Christophersen and Hooper, 1992), to separate 
components depending on the geographical source origin. Different studies (Genereux and 
Hemond, 1990; Neal et al., 1992; Ogunkoya and Jenkins, 1993) expressed the difficulty of 
groundwater component definition in three-component separation or to correctly differentiate 
between water components as each component should have differentiated composition. For 
these reason the use of combined isotopic and chemical tracers has become largely common 
(Rice and Hornberger, 1998). In any case, as it is shown in Table 3 some studies uses two or 
more tracers to separate components depending on the geographical source origin. 
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Similar pre-event water contribution using two-component and three component hydrographs 
separation have been sometimes reported (Richey et al., 1998), even if some authors (e.g. 
DeWalle et al., 1988) reported that using three components hydrograph separation was better 
than using two-components to understand runoff origin. 
Hydrograph separation using diverse components have sometimes resulted in unrealistic 
chemical separation (Richey et al., 1998). For instance: some chemical components could not be 
used for hydrograph separation because they showed constant concentrations in the stream 
water during the rainfall event (Munyaneza et al., 2012). In other occasions the rainfall 
signature began at a greater value than the stream signature but ended at a lower value (DeWalle 
and Pionke, 1994). 
No unique nomenclature has been commonly used for the different components identification, 
which reduces the comparability of different studies (Lischeid, 2008), as it is shown in Table 3. 
For example, Sklash and Farvolden (1979) discerned between surface runoff and groundwater, 
whereas Hangen et al., (2001) and DeWalle et al., (1988) identified throughfall, soil water and 
groundwater as end-members.  
Finally, as Burns (2002) mentioned "hydrograph separation had become simply another tool", 
and hydrologists may combine and review hydrograph separation with new tools, to continue 
advancing to the hydrologic sciences in coming decades.  
2.3.2.1 Two-component hydrograph separation 
The two-component hydrographs separation uses one conservative tracer (isotope or chemical) 
to identify stream water origin (Genereux and Hooper, 1998). The basis of this technique is the 
contrast between the more variable signature of rainfall inputs and the more uniform signature 
of pre-event water (Bonell et al., 1990). As noted by Pearce et al. (1986), between rainfall 
events, stream base flow reflects the isotopic composition of the pre-event water, whereas 
during storm flow the isotopic composition of the stream may be altered by the addition of 
rainfall. At the event scale, solving a mass balance equation of the tracer signature allows to 
calculate the temporal origin of stream flow and the relative contributions of rainfall (sometimes 
referred as new or event water) and of water stored in the catchment prior to the onset of 
hydrologic event (sometimes referred to as old water or pre-event water) (Burns et al., 2001).  
To describe the contribution of various water sources to stream flow the mass balance equation, 
base on the steady-state, is used. 
Qtotal Ctotal= ∑ Qi Ciki=1        (4) 
State of the art   28 
 
Where C is the tracer concentration and the corresponding water flux Q, and the total flow in the 
stream is equal to the sum of the different tracer fluxes of k different water compartments. 
If we consider two components (event and pre-event water), the equation is: 
Qtotal.Ctotal  = Qevent.Cevent + Qpre-event.Cpre-event    (5)  
These yields to:  
Qpre-event = Qtotal (Ctotal - Cevent / Cpre-event - Cevent)     (6)  
In order to implement a two-component hydrograph separation techniques several assumptions 
should be met: 
1) The isotopic content of the rain water component is significantly different from the 
stored water component (Sklash and Farvolden, 1979). 
2) The rain or snowmelt component maintains a constant isotopic content (Sklash and 
Farvolden, 1979; Kendall and McDonnell, 1993) or its variations can explicitly be 
accounted for. 
3) The contribution of the water stored in the surface is negligible (Sklash and Farvolden, 
1979; Kendall and McDonnell, 1993). 
4) Groundwater and soil water compartments are equivalent or soil contributions to runoff 
are negligible (Sklash and Farvolden, 1979). 
The validity of these assumptions should be evaluated for every site and each event (Hooper and 
Shoemaker, 1986). Buttle (1994) made a review of the main assumptions done by different 
authors (e.g. Hooper and Shoemaker, 1986; Bonell et al., 1990; McDonnell et al., 1990), he 
concluded that despite recurrent violations of some assumptions, the hydrograph separation 
approach is sufficiently robust to be applied to rainfall events. However, Waddington et al., 
(1993) noticed that there was a problem in interpreting hydrograph separation when a catchment 
contains saturated areas that are reservoirs of pre-event water. 
The second assumption has often been investigated because large variations in the isotopic 
compositions and intensity of rainfall over short periods of time (hours or days) and at 
individual locations are commonly observed (Epstein and Mayeda, 1953; Kennedy et al., 1986). 
For instance, the composition of daily rainfall was found to be extremely variable in the East 
coast of England depending on the weather type (Heathcote and Lloyd, 1986). In southern 
Nevada (USA), the rainfall collected from a single storm produced differences in δ2H and δ18O 
State of the art   29 
 
of 15 and 1.5‰ (Metcalf, 1995). While in Sierra Nevada (USA) Smith et al., (1979) report that 
differences of 50% of the δ2H values between successive rain samples were common. 
McDonnell et al. (1990) stated that the isotopic variation in storm rainfall is an important 
consideration in hydrograph separation when using the mass balance approach. These authors 
also showed that the rainfall weighting techniques used to characterize within storm isotopic 
variations are relevant for the estimation of old/new water contributions. They concluded that 
within-storm incremental weighting is more adequate than the standard weighting technique, the 
latter being unrealistic if the rainfall composition varies, because it uses rain composition for the 
entire event for point separations within the event. The incremental weighting technique 
(Equation 7) uses the composition of rain from the beginning of the event to the time of stream 
sampling:  
Cevent = ∑ PiCi / ∑ Pi         (7) 
where Pi and Ci denote fractionally collected rainfall samples and their tracer concentration, 
respectively. 
Many studies using two-component hydrograph separation concluded that storm runoff is 
dominated by pre-event water, which has relatively constant tracer concentrations because it is 
mixed with previous precipitation events (e.g. Sklash and Farvolden, 1979; Pearce et al., 1986; 
McDonnell et al., 1990; Neal et al., 1992; Buttle, 1994; Soulsby et al., 2000). Richey et al., 
(1998) noticed similar results calculating hydrograph separation with quasi-conservative 
chemical and isotopic tracers. 
Figure 18 shows an example of an hydrograph decomposition using δ18O isotope for the Bois-
Vuacoz catchment in Switzerland (Iorgulescu, 1997). The evolution of the isotopic content in 
rainfall and in the stream is used to separate flow components between pre-event and event 
water contributions.  
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Figure 18. Hydrograph separation of flows using oxygen isotope and variation in isotopic content for the 
flood of September 7-8, 1993 (Iorgulescu, 1997). 
2.3.2.2 Three-component hydrograph separation 
Different studies demonstrate that multiple contributions to runoff can be determined using 
three components hydrograph separation (DeWalle et al., 1988; DeWalle and Pionke, 1994; 
Hinton et al., 1994; Jenkins et al., 1994; Ribolzi et al., 2000). This method can be applied for 
individual storm event to quantitatively evaluate the contribution of each water source or water 
component, as this technique assumes that stream flow chemistry arise from a mixture of 
different water solutions (Hooper et al., 1990).  
In addition to the assumptions for the two-component separation, the three component 
separation requires that the components differ significantly in chemical and isotopic content 
(Hooper et al., 1990; Richey et al., 1998), as three component hydrograph separation success 
depends on it (Joerin et al., 2002). Aditionally, the choice of the runoff water sources is largely 
arbitrary, as it depend on the water components that are analyzed (Hooper et al., 1990). 
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Sometimes the accuracy to differentiate soil water and groundwater components is difficult 
(Ogunkoya and Jenkins, 1993). Moreover, it is also assumed that solutes behave conservatively 
as they travel to streams to identify the hydrological pathways and quantify stream flow sources 
(Christopherson et al., 1990; Hooper et al., 1990; Christophersen and Hooper, 1992; Pionke and 
DeWalle, 1994; Ladouche et al., 2001).  
To estimate the compartment contribution in hydrograph separation relies on a mass balance of 
three water sources (generally groundwater (GW), soil water (S), rain (R)) and the use of two 
tracers (1 and 2): 
Qt · Ct = QGW · CGW + QS· CS + QR · CR                       (8) 
Qt · Ct1 = QGW · CGW1 + QS· CS 1+ QR · CR1                 (9) 
Qt · Ct2 = QGW · CGW2 + QS· CS 2+ QR · CR2                 (10) 
This yields to: 
QR= Qt ൫Ct
1‐CGW1 ൯‐QS൫CS1‐CGW1 ൯
CR1‐CGW1           (11) 
 
QGW= Qt ൫Ct
2‐CGW2 ൯‐QS൫CS2‐CGW2 ൯
CR2‐CGW2                            (12) 
These three equations are solved to calculate QR, QGW and QS. Using a spread sheet and through 
trial and error, find a value for QS to solve first mass balance.  
This technique uses end-member mixing diagrams to calculate proportions of each water 
component that constitutes the stream water, which are identified in the field (Cras et al., 2007).  
The diagrams are simple linear x-y plots of the tracers considered (Christopherson et al., 1990). 
For three component separation the set is a triangle in the plane defined by the sources solution 
(Christophersen and Hooper, 1992), where the stream water concentrations lay in the interior of 
the triangle whose vertices are the three end-member concentrations. If the stream water sample 
lie significantly outside the triangle area, either the end-member mix is non-conservative or end-
member is incorrectly characterized or is missing.  
Figure 19 shows an example of an end member mixing diagram for two runoff events in small 
Mediterranean catchment located in south-France.  
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Figure 19. Chloride-nitrate mixing diagram (End Member Mixing Analysis) for the 2 and 4 November 1994 
runoff events.(DG) stands for pre-event water from depression groundwater (value before runoff event); 
(OF) is overland flow (mean concentration of samples taken during runoff event); and (PG) is pre-event 
water from plateau groundwater (value at upstream outlet before runoff event) (Ribolzi et al., 2000). 
To perform three component hydrograph separation it is necessary to use at least two tracers in 
order to be able to interpret results (Musy and Higy, 2010). If more than one tracer is 
considered, the goodness of fit between the observed in the field and predicted stream water 
concentrations is suspect and it should be tested (Hooper et al., 1990; Christophersen and 
Hooper, 1992). Usually, to verify the accuracy of the calculated fractions of components 
contributing to storm flow, multiple hydrograph separations of the same rainfall event are 
performed (e.g. Ladouche et al., 2001), using different pairs of tracers and comparing the 
results. If the results of all of the hydrograph separations are different, this means that either a  
component is incorrectly characterized, some assumptions are violated or there is a sampling 
error (Rice and Hornberger, 1998). Rice and Hornberger (1998) evaluated the reproducibility of 
hydrograph separation results among seven different pairs of tracers. They concluded that the 
results of three-component separations were widely variable, but that consistent patterns in the 
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amount of subsurface water contributing to stormflow could be observed, independently of the 
combination of tracers used.  
Christopherson et al., (1990) and Hooper et al., (1990) introduced a systematic approach called 
EMMA (end-member mixing analysis). this method is similar to three component hydrograph 
separation but also could include a PCA (principal component analysis) to identify the water 
sources or end-members, by plotting the end-members in the PCA (principal component 
analysis) mixing space (Christophersen and Hooper, 1992). A PCA is the first step in factor 
analysis, and it is less dependent on subjective decisions than the other methods. It is a standard 
multivariate data-analysis technique used "to identify a small number of components that can 
explain a substantial portion of the variation of the original variables resulting in a lower 
dimensional space that explains most of the variation" (Barthold et al., 2011).  Some studies as  
Neill et al., (2011) using an EMMA technique based on PCA found a wide range of stream 
samples that lie outside the domain defined by the mixing space determined by PCA end-
members. To solve this problem, Liu et al., (2004) showed an example to confine the outside 
samples in the triangle.  
End members mixing diagrams have been observed to vary for rainfall events following wet or 
dry antecedent moisture conditions (Inamdar, 2011). Events following wet antecedent moisture 
conditions obtained clearer mixing diagrams (Rice and Hornberger, 1998; Inamdar, 2011) than 
those following dry antecedent conditions not (Bernal et al., 2006). 
Jenkins et al., (1994) noted the complex nature of catchment hydrology and runoff generation 
and the need for a more thorough investigation of end-members and flowpath.  
2.3.3 Findings from a number of studies in which hydrograph separation was used 
A literature review of the use of chemical and isotopic tracers for two- or three-hydrograph 
separation in research catchments shows the diversity of results obtained in the characterisation 
of the spatial and temporal origin of stream water. 
Studies used several different tracers and hydrograph separation technique to study rainfall 
events. For instance, using DOC as tracer, Morel et al., (2009) observed that event water 
contribution is high during the ascending limb of the hydrograph, whereas soil water 
contributions is produced after the peak discharge and it remains during the recession limb. And 
groundwater contribution is maximum before the rainfall event and it decrease during the rising 
limb. Besides, the vast majority of the studies concluded that groundwater (pre-event water) is 
the major component contributing during the rainfall event (Table 2 and Table 3) (e.g. Sklash et 
al., 1976; Sklash and Farvolden, 1979; Neal et al., 1992; Ladouche et al., 2001; Marc et al., 
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2001; Wagner et al., 2008). Relatively, few studies showed that new water may be an important 
part of the flood volume. McDonnell et al., (1990) indicated that peak specific discharge of new 
water at Glenduhu 2 catchment is significantly higher than the values proposed in other studies. 
In three Sierra Nevada catchments (USA) (Huth et al., 2004) snow (event water) contribution to 
discharge during the rising limb of the hydrograph was 80–100%. Also, Bonell et al., (1990) 
noticed an event in which 80% of the total flood volume was new water; this was attributed to 
the higher storm-average rain intensity. In Mediterranean regions pre-event water is also the 
major component contributing during the rainfall event (Loÿe-Pilot, 1990; Neal et al., 1992; 
Marc et al., 2001). But in Mediterranean catchments the role of antecedent moisture conditions 
should be also considered as shown by Cras et al., (2007). These authors reported that in three 
adjacent experimental research catchments of Southern French Alps, during the flow recession 
phases, the subsurface water contribution was greater for wet antecedent conditions and that in 
dry initial conditions, subsurface water was mostly new water. 
Table 2 also shows that many studies combine silica tracers with isotopic data to perform 
hydrograph separation (e.g. Loÿe-Pilot, 1990; Neal et al., 1992; Buttle, 1994; Hinton et al., 
1994; Hoeg et al., 2000; Marc et al., 2001; Huth et al., 2004), and that often the isotopic and 
chemical hydrograph separation using silica give comparable results, as already found by 
Hooper and Shoemaker (1986) and Pionke et al., (1993). Silica is used as a geochemical index 
to augment or contrast the isotopic data (Pionke and DeWalle, 1994). Silica may also be used as 
an alternative tracer when isotopic separation is not possible, as shown in Table 2 and Figure 20 
(Durand et al., 1993). For example, when performing a two-component hydrograph separation 
DeWalle and Pionke (1994) found out that using δ18O was not possible for one rainfall event, 
because rain began at a δ18O value greater than streamflow and ended at a value less than 
streamflow. Consequently they used Si and nitrate as tracers instead of δ18O. Si tracer is also 
used in three-component hydrograph separation (e.g. DeWalle et al., 1988; Hoeg et al., 2000; 
Munyaneza et al., 2012). For example, Munyaneza et al., (2012) observed that results obtained 
using dissolved silica and chloride as tracer are in line with the results of three-component 
separations using dissolved silica and deuterium.  
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Figure 20. Hydrograph separation using silica as tracer (Marc et al., 2001) 
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Table 2. Rainfall events tracers and components in two-component hydrograph separation  
Catchment Location Tracers Component   Reference 
Big Creek Southern Ontorio  δ18O Event/pre-event water (Sklash et al., 1976) 
Ruisseau des Eaux Volées Quebec  δ18O, δ2H Surface/Groundwater (Sklash and Farvolden, 1979) 
Hubbart Brook New Hampshire  Si Event/pre-event water (Hooper and Shoemaker, 1986) 
Mattole River California  δ2H Event/pre-event water (Kennedy et al., 1986) 
Glendhu New Zealand δ2H Event/pre-event water (Bonell et al., 1990; McDonnell et al., 1990) 
Cannone Corsica  δ18O, Si Event/pre-event water (Loÿe-Pilot, 1990) 
Montseny and Prades Northeastern Spain δ18O, δ2H Event/pre-event water (Neal et al., 1992) 
Mahantango Pennsylvania δ18O, Mg, Si, Cl-, Na Subsurface/surface (Pionke et al., 1993) 
 Toronto  δ18O Event/pre-event water (Waddington et al., 1993) 
Harp 4-21 Ontario  δ18O Event/pre-event water (Hinton et al., 1994) 
Haute-Mentue Switzerland δ18O Event/pre-event water (Jordan, 1994) 
Plastic Lake Canada 
δ18O 
 Si 
Event/pre-event water 
Precipitation/subsurface 
(Buttle and Peters, 1997) 
Alt a'Mharcaidh Scotland ANC, Si Event/pre-event water (Soulsby et al., 1998) 
Alt a'Mharcaidh Scotland δ18O Event/pre-event water (Soulsby et al., 2000) 
Zaster Germany δ18O Event/pre-event water (Hoeg et al., 2000) 
 
State of the art          37 
 
Catchment Location Tracers Component   Reference 
Mont-Lozère South France δ18O, Si Event/pre-event water (Marc et al., 2001) 
Strengbach Eastern France δ18O Event/pre-event water (Ladouche et al., 2001) 
Brugga 
Southwestern 
Germany 
δ18O Event/pre-event water (Uhlenbrook et al., 2002) 
Sierra Nevada USA δ18O, δ2H, Si, Na Event/pre-event water (Huth et al., 2004) 
Granger Canada δ18O Event/pre-event water (Carey and Quinton, 2005) 
Eagle Creek Indiana  δ18O Event/pre-event water  (Wagner et al., 2008) 
Martinelli and 
GL4 
Virginia  δ18O, Si, ANC, Ca, Mg, Na, SO4-2 
Event /pre-event water 
Event/pre-event water 
(Liu et al., 2004) 
Makanya Northern Tanzania δ18O, δ2H, Si, EC Event/pre-event water (Hrachowitz et al., 2011) 
Migina Rwanda Si, Cl- Event/pre-event water (Munyaneza et al., 2012) 
 
Central New York 
State 
δ18O Event/pre-event water (Dahlke et al., 2012) 
Dominant component 
ANC: Acid Neutralizing Capacity, EC: Conductivity 
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Table 3. Rainfall events tracers and more than two components hydrograph separation 
Catchment Location Tracers Component  Reference 
Fish Run Pennsylvania  δ18O Precipitation/soil water/groundwater (DeWalle et al., 1988) 
Panola Mountain Georgia  Alk, SO4, Na, Mg, Ca, Si Soil water/hillslope/groundwater (Hooper et al., 1990) 
Birkenes 
Plynlimon 
Southern Norway 
Mid Wales 
Al, Ca, Si, δ2H, ANC Organic horizon/hillslope horizon/valley bottom 
layers 
(Christopherson et al., 1990) 
Birkenes 
Panola Mountain 
Southern Norway 
Georgia  
Alk, SO4-2, Na, Mg, Ca, Si Organic /hillslope /groundwater (Christophersen and Hooper, 1992) 
Alt a'Mharcaidh Scotland ANC, δ2H, Cl- Precipitation/soil water/groundwater (Ogunkoya and Jenkins, 1993) 
Harp 4-21 Ontario  δ18O, Si, Precipitation/soil water/till water (Hinton et al., 1994) 
Mahantango Pennsylvania  δ18O, Si, NO3-  Shallow subsurface/surface/deep surface (DeWalle and Pionke, 1994) 
Coet Dan Western France δ18O, Cl-, SO4-2, NO3- Precipitation/soil water/groundwater/riparian 
zone  
(Merot et al., 1995) 
Zaster Germany δ18O, Si Surface/ upper debris cover/lower debris cover (Hoeg et al., 2000) 
Zaster Germany δ18O, Si Surface runoff/runoff upper debris/runoff drift 
cover/runoff deeper debris/ runoff deeper cover 
(Hoeg and Uhlenbrook, 2000) 
 South France NO3-, Cl- 
Precipitation/depression groundwater/plateau 
groundwater  
(Ribolzi et al., 2000) 
Strengbach Eastern France δ18O Si, DOC, SO4-2 Three different subcatchments (Ladouche et al., 2001) 
 
State of the art          39 
 
Catchment Location Tracers Component  Reference 
Panola Mountain Georgia Ca, Mg, K, Na, SO4-2, Cl-, Si Outcrop/hillslope/riparian area (Burns et al., 2001) 
Conventwald Germany δ18O, Si Precipitation/soil water/groundwater (Hangen et al., 2001) 
Granger Canada δ18O, DOC, EC Precipitation/soil water/groundwater (Carey and Quinton, 2005) 
Draix ERBs Southern French Alps Cl-, Residual alkalinity Surface/subsurface flow/groundwater (Cras et al., 2007) 
Hérault France 87Sr /86Sr   1/Sr Aquifers and karstic zone (Petelet-Giraud and Negrel, 2007) 
Kervidy-Naizin Western France DOC, NO3-, SO4-2, Cl- 
Precipitation/soil water/deep 
groundwater/shallow groundwater 
(Morel et al., 2009) 
Martinelli and GL4 Virginia  δ18O, Si, ANC, Ca, Mg, Na, SO4-2 Precipitation/soil water/groundwater (Liu et al., 2004) 
Xilin River Mongolia  
Li, Fe,  Rb, Sr, U, Na, Mg, K, Ca, 
Cl-, SO4-2, δ18O, δ2H, EC 
Precipitation/groundwater/tributaries stream 
water 
(Barthold et al., 2011) 
Different 
catchments (10) 
Amazon Na, K, Mg, Ca, Cl-, SO4-2, Si 
Groundwater/overland flow/soil 
water/throughfall/rainwater 
(Neill et al., 2011) 
Migina Rwanda Si, Cl- 
Precipitation/deep groundwater/shallow 
groundwater 
(Munyaneza et al., 2012) 
 
Central New York 
State 
Si, DOC 
Near surface runoff/shallow interflow/deep 
water 
(Dahlke et al., 2012) 
Dominant component 
ANC: Acid Neutralizing Capacity, EC: Conductivity, Alk: Alkalinity 
State of the art   40 
 
2.3.4 Uncertainty in hydrograph separation 
Uncertainty in measured concentrations and models should also be take into account when 
performing chemical or isotopic hydrograph separation (e.g. Genereux, 1998; Hoeg and 
Uhlenbrook, 2000; Hoeg et al., 2000; Ribolzi et al., 2000; Liu et al., 2004; Carey and Quinton, 
2005). It has been shown for example that tracer concentrations for each component may exhibit 
high temporal and spatial variability (e.g. McDonnell et al., 1990; Jenkins et al., 1994). 
Genereux (1998) presented a method to quantify the uncertainty in two- and three-component 
hydrograph separation based on Gaussian error propagation. While, (Rice and Hornberger, 
1998) and Joerin et al. (2002) studied the uncertainty analysis of three-component mixing model 
using a Monte Carlo approach. Joerin et al. (2002) method does not assume normally distributed 
tracer concentrations, as does the method described by Genereux (1998). Monte Carlo approach 
is useful when there are a lot of samples, since the process can be automated for multiple 
simulations (Inamdar, 2011). 
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3. Objectives 
The major objective of the thesis is the characterization of hydrological processes in a 
Mediterranean mountain catchment using distributed hydrological measurements and 
environmental tracers. The purpose is to get a better understanding of the hydrology and 
hydrochemistry of Mediterranean mountain regions, which are strategic areas for water source 
management. 
To achieve this target, the thesis is divided in three different objectives, which may help to 
better characterize the hydrology of Mediterranean mountain areas. These objectives are: 
1) To investigate the spatio-temporal dynamics of the water table and its effects on  runoff 
in a Mediterranean mountain catchment. The dynamics of the water table will be 
characterized at several temporal and spatial scales.  
2) To study the seasonal and event-scale variations in geochemical solutes and water 
isotopes, in order to provide suitable tools for investigating runoff generation processes 
and seasonal water movements.  
3) To apply two and three-component hydrograph separation technique using geochemical 
and water isotope tracers, to find out the course that the water has taken from where 
rainfall infiltrated into the soil until it reach the stream. And to determine how long the 
water takes to reach the stream. 
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4. Methods 
In this section, the study area, the experimental work for data collection and the methods for 
data analysis are presented. 
4.1 Study area 
The Can Vila catchment is a sub-catchment (0.56 km2, Figure 21) of the Cal Rodó one (4.17 
km2) that belongs to the Vallcebre research catchments (Latron et al., 2010). The Vallcebre 
research cathments are located in the headwaters of the Llobregat River, on the southern margin 
of the Pyrenees, Spain. In the Can Vila catchment, oriented SW–NE, the elevation ranges from 
1115 to 1458 m a.s.l. (Latron and Gallart, 2008).  
Climate is humid Mediterranean, with a marked water deficit in summer. The mean annual 
rainfall is 862 ± 206 mm, with a mean of 90 rainy days per year (Latron et al., 2009). Snowfalls 
account for less than 5% in volume. Stream length is 1.1 km, with a mean hillslope gradient of 
25% (Latron et al., 2008). The Can Vila catchment is mainly covered by meadows on old 
agricultural fields (52%). In the past, most of the south-facing areas were deforested and 
terraced for agricultural purposes and abandoned during the second half of the 20th century 
(Poyatos et al., 2003). Forest, resulting from spontaneous afforestation by P. sylvestris after land 
abandonment, covers 30% of the catchment. The old agricultural terraces (usually 10–20 m 
wide), account for more than 70% of the catchment (Latron et al., 2008). The catchment is 
underlain by red clayey smectite-rich mudrocks (Latron and Gallart, 2008). Soils have silt loam 
or silty clay loam texture, with high organic matter content (4% on average), that decreases with 
increasing depth, and calcium carbonate content up to 50% in some profiles (Rubio et al., 2008). 
Soil thickness show very important variations, depending on lithology, geomorphology and the 
changes induced by terracing (Latron et al., 2008). 
4.2 Hydrometric monitoring  
Hydrometric measurements from the Can Vila research catchment, monitored since 1996, are 
being collected from May 2011 to July 2013. 
Rainfall data used in this study is measured by a rainfall recorder, located 1 m above the ground 
and connected to a datalogger (DT50, Datataker). The rain recorder records all 0.2 mm 
precipitation increments occurring every 5 min (Latron et al., 2010). 
Stream-flow is measured at the Can Vila gauging station (VT01), by means of a 90º V-notch 
weir with a water pressure sensor (6542C-C, Unidata) connected to the same datalogger. Mean 
water level values are recorded every 5 min. Water level conversion to discharge values is 
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obtained with an established stage-discharge rating curve calibrated with manual discharge 
measurements (Latron 2003). 
Water table is recorded in 17 piezometers, distributed within the catchment according to 
topography criteria, in order to represent a large variety of water table conditions (Latron and 
Gallart, 2007; Latron et al., 2010). Water level  is measured and recorded in each piezometer 
hole (depth mean value -197cm) every 10 min by a 10m pressure sensor (MiniDiver, 
Schlumberger Water Services), with air pressure variations compensated with an atmospheric 
pressure sensor (BaroDiver, Schlumberger Water Services) (Latron et al., 2010). The pressure 
sensors are calibrated by taking manual measurements of water table depth directly at the 
piezometers, when data are collected.  
 
Figure 21. General map of the Can Vila catchment showing locations of the recording piezometers, 
pluviometer, gauging station and water sampling points (adapted from Latron et al. 2010). 
4.3 Water sampling 
In order to characterize seasonal and event-scale variations in solutes concentrations and isotope 
ratios, and to quantify the contribution of different water sources to the stream, rainwater, soil 
water, groundwater and stream water are sampled. A regular spatially distributed sampling is 
realized every two weeks (2011-2013). In addition every rainfall-runoff event is automatically 
sampled (rainfall and stream) at short time intervals. 
Rainwater is sampled automatically using a continuously open collector (34 cm diameter) and 
an ISCO 2700 automatic sampler with 24 polyethylene bottles of 0.5l (Figure 23i). When the 
rain recorder measures a cumulated rainfall of 5mm, the automatic sampler shifts automatically 
to the next bottle. Soil water is sampled with a battery of suction lysimeters (36 ml capacity) at 
two locations in the catchment (Figure 23f). Groundwater is sampled in a 2-meter depth 
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piezometer (Figure 23h) and in a 3.7 meter depth well using a manual peristaltic pump (Figure 
23g). In addition a natural source located in the catchment is also sampled (Figure 23e). 
Stream water is sampled at Can Vila gauging station (Figure 23a) by two automatic samplers 
(ISCO 2700) with 24 polyethylene bottles of 1l. Both samplers are triggered by the datalogger. 
One sampler is programmed to take samples at variable time intervals depending on the water 
level (discharge), while the other sampler takes samples at a fixed time interval (24h). The 
samples stored in the all samplers are collected every two weeks or after a rainfall event. Stream 
water is also collected manually at the gauging station and in four locations along the stream 
every two weeks (Figure 23 b, c, d and j).  
Table 4. Distributed sampling strategy in Can Vila catchment. 
 Sampling method Location. Sampling frequency 
Rainfall ISCO Automatic sampler (1) VR01 During rainfall events 
Soil water Suction  lysimeters  VL02, VL01 Every two weeks 
Groundwater Peristaltic pump (piezometer and well)  VP01, VP05 Every two weeks 
 Manually  VF01 Every two weeks 
Stream water  ISCO Automatic samplers (2) VT01 Daily and during runoff 
events 
 Manually VT01, VT05, 
VT06, VT07 
Every two weeks 
 Manually VC01 Every two weeks 
 
At all sampling locations, samples are collected in 3ml glass vials for isotopes analyses, 120 ml 
glass bottles for dissolved organic carbon analyses (DOC) and 250 ml polyethylene bottles 
(Figure 22) for analyses of: major and tracer elements, DOC, anions and alkalinity. 
Conductivity and temperature are measured in situ (Orion 4Star pH·Conductimeter). 
 
Figure 22. The Conductimeter, the 250ml polyethylene bottles, the 120 ml glass bottle and the 3ml glass 
vials used to sample manually (Photo: M.Roig-Planasdemunt). 
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Figure 23. Sampling locations: a) gauging station (VT01), b, c, d and j) stream reach (VT07, VT05, VT06, 
VC01), e) natural source (VF01), f) lysimeter (VL01, VL02), g) well (VP05), h) piezometer (VP01), i) rainfall 
automatic sampler (VR01). (Photos: a,i J. Latron; f N. Pérez-Gallego; b,c,d,e,g,h,j  M.Roig-Planasdemunt) 
4.4 Samples preparation and analysis 
In the laboratory, an aliquot of 3 ml in a glass vial is separated from the samples of the 
automatic samplers for isotopes analysis. As for the distributed sampling in the field, these vials 
are filled to avoid air bubbles and protected with plastic film to avoid evaporation and stored at 
3-4ºC before analysis. The manual samples and the remaining water of the automatic samplers 
are filtered with a membrane of 0.45μm WP, (Millipore). The conductivity is also measured. 
The filtrate is separated in aliquots: 10 ml of the sample are acidified with HNO3 (65%) and 
stored in cleaned test tube for major and trace elements analysis; 1.6 ml of sample is stored in 
vials for anion determination; 30 ml of water to measure DOC is acidified with HCl (2 N) and 
stored in cleaned and muffled glass bottles.  
Identical subsamples are stored, in case analyses should be repeated. 
Samples are analyzed by ICP-AES (Inductively coupled plasma atomic emission, Thermo Jarrel 
IRIS advantage Radial with Nebulizer) and by ICP-MS (Inductively coupled plasma mass 
spectrometry, Thermo X-Series) for major and trace elements, respectively. Analyses are 
performed by the ICP-MS/AES service of the IDAEA-CSIC. Cl-, SO42-, NO3- contents are 
measured by ion chromatography-column waters IC-PAK by the Scientific and Technological 
Centres of the University of Barcelona. DOC content is measured with an Analytic JenA multi 
N/C3100. δ2H and δ18O ratios are measured with the isotope analyzer L2120-i Picarro by the 
Scientific and Technical services of the University of Lleida. Alkalinity is measured by 
conductimetric titration, based on the method of Golterman et al., (1978). 
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4.5 Analysis of hydrological data 
4.5.1 Rainfall-runoff dynamics  
The rainfall and runoff data measured over two years in Can Vila catchment will be analyzed at 
different temporal scales (annual, seasonal and event scale) to characterize rainfall and runoff 
dynamics and their relationship (storm flow coefficient). Contrasted analysis between dry and 
wet periods will also be done to determine the role of wetness antecedent conditions on the 
hydrological dynamics. At the event scale, the rainfall–runoff relationship and its relationship 
with several hydrological variables (storm flow, rainfall amount, maximum rainfall intensity 
and baseflow specific discharge) will be analyzed in order to characterize the rainfall and runoff 
dynamics of each rainfall event. 
4.5.2 Water table dynamics 
The spatio-temporal water table dynamics will be studied using the data measured over two 
years from the 17 piezometers in Can Vila catchment. The annual and event scale dynamic of 
each piezometer will be analyzed and contrasted, in order to characterize the spatio-temporal 
variability of water table dynamics at annual and event scale (e.g. Myrabø, 1997; Seibert et al., 
1997; Seibert et al., 2003). In addition at different temporal scales, the mean, standard deviation, 
the maximum and minimum of the water table depth, as well as the number of days of 
saturation will be analyzed (e.g. Latron, 2003). The correlation between all the piezometers and 
the relation between the mean water table depth and its standard deviation (Figure 24) will also 
be investigated, to assess the spatial heterogeneity of the water table dynamics (e.g. Lana-
Renault et al., 2013). 
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Figure 24. Relationship between the mean daily water-table depth at locations w7, w8 and w9 and its 
standard deviation in Arnás experimental catchment (Lana-Renault et al., 2013). 
As the position of the water table is a relevant factor explaining the magnitude of the runoff 
response at event scale (e.g. Evans et al., 1999; Seibert et al., 2003; Latron and Gallart, 2007; 
Latron and Gallart, 2008) the correlation between water table and runoff will be analyzed. In the 
Can Vila catchment, Latron and Gallart (2008) and Latron et al., (2009) using three piezometers 
found an exponential relationship with higher runoff values when saturation conditions were 
observed. The authors also described different water table dynamics depending on the season 
and the location. The present study could improve the results already obtained in the Can Vila 
catchment, as more information is recorded. This better spatial representativeness should result 
in a better description of the spatio-temporal variability of the water table dynamics. 
In order to assess the influence of topography on the water table, the topographic index 
described by Beven and Kirkby (1979) will be calculated at each piezometer location and its 
relationships with water table dynamics will be analyzed. Depending on the results obtained, 
other topographic factors besides the topographic index will be calculated and evaluated. 
4.6 Analysis of hydrochemical and isotope data 
The hydrochemical and isotopic results, complementing hydrometric data, will help to improve 
the comprehension of the hydrological behaviour of the Can Vila catchment. 
4.6.1 Seasonal and event scale hydrochemical and isotope dynamics 
There is a growing interest about the variations of water chemistry and isotope content of the 
different water components (rainfall, stream, groundwater, soil water) at the seasonal and event 
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time scales. An example of this seasonal variation for one element (Si) is presented in Figure 
25a. This kind of representation will be realized with all elements and isotopes analyzed in order 
to identify any possible seasonal dynamic. Moreover, the relationship between each element and 
the discharge, as shown in the example (Figure 25b) will be also analyzed.  
 
Figure 25. a) Seasonal variation of Si concentration in the stream-flow water (Can Vila gauging station). b) 
Relationship between Si concentration and discharge measured at the Can Vila gauging station. 
4.6.2 Two-component hydrograph separation 
In the present work the two-component hydrograph separation technique method is used to 
calculate the contribution of pre-event and event water using isotope and/or chemical tracers. To 
perform it, the assumptions and the mass balance equation, described in 2.3.2.1 will be applied. 
To solve the mass balance (Equation 6), we calculate the contribution of pre-event water 
considering that: (i) Cpre-event is represented by the baseflow tracer concentration before the 
event, it is a fix value during all the event; (ii) the Ctotal is the tracer concentration in the stream 
water; (iii) Cevent is the tracer concentration in the rainfall calculated with the incremental 
weighting technique (McDonnell et al., 1990); (iv) Qtotal is the stream discharge. The mass 
balance is solved over all the samples sampled during the rainfall event, in order to calculate the 
pre-event water flux contribution during the entire event. 
This methodology will be applied to all the events registered and sampled in the Can Vila 
catchment. An example of the use of this methodology is presented in Figure 26, which 
represents the hydrograph separation of one event measured at the Can Vila gauging station. In 
this example, oxygen isotope (δ18O) is used as tracer, allowing the separation of the contribution 
of old water (pre-event water) and new water (event water). 
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Figure 26. Two component hydrograph separation using δ18O as tracer for the event of 11/11/ 2011 
measured at the Can Vila gauging station (Latron, 2013).  
4.6.3 Three-component hydrograph separation 
In the present work the three-component hydrograph separation method is used to calculate the 
contribution of different water source during each individual storm event measured in Can Vila 
catchment. To perform it the assumptions and the mass balance equations, described in 2.3.2.2. 
will be applied. 
Before solving the mass balance equation it is essential to select the suitable two tracers and 
three water sampling points representative of three water components (rainfall, soil water and 
groundwater). The tracers will be selected using two different methods: (i) representing 
boxplots of each tracer concentration at the water sampling points (ii) using Kruskal-Wallis test 
to analyze if the tracers are different enough in each water component, assuming a non-normal 
distribution. Formerly, tested using the Shapiro test. 
Besides, to solve the mass balance equations (Equation 8) the median concentration of the each 
tracer will be analyzed for soil water (Cis) and groundwater (CiGw) components. Rainwater 
concentration (CiR) will be calculated by the incremental weighting technique (McDonnell et al., 
1990). Additionally, results will be used to produce mixing diagrams as described in 2.3.2.2.  
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5. Working plan 
The development of the present work in order to achieve the objectives established will be as 
follow: 
1) State of the art 
The state of the art of the topics treated in the thesis is an important part to design the research 
and to achieve the objectives of the work. Most of the literature review is being carried out in 
the first two years of the thesis. However, the review will continue throughout the whole 
duration of the thesis, in order to gain knowledge to discuss the results that will be obtained.   
2) Experimental work 
The essential part to achieve the targets of this research is the experimental work developed 
during the two first years of the thesis. It includes hydrological measurement and sampling 
(distributed sampling every two weeks and during rainfall events). Samples obtained are being 
analyzed in the laboratory during the same period.  
3) Analysis of data and discussion 
Data obtained with the experimental work, will be used in order to perform the three different 
part of the thesis (i) Spatio-temporal dynamics of the water table, (ii) Study of the seasonal and 
event-scale variations of solutes and isotopes; (iii) Hydrograph separation. These three parts will 
be combined in order to characterize the hydrological processes in a Mediterranean mountain 
catchment, where climate variability and past human disturbances difficult the understanding of 
rainfall-runoff relationships, water-flow pathways and of the hydrological response.  
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Table 5.Working plan schedule 
 
 
S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A
Objective definitions X X X
State of the art/ article reading X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Spatio‐temporal dynamics of the water table
Data collection X X X X X X X X X X X X X X X X X X X X X X X
Data analysis X X X X X X X X X X X X X
Data interpretation and  report/paper writing X X X X X X
Study the seasonal and event‐scale variations of solutes and isotops
Design of the sampling points X
Distributed water sampling X X X X X X X X X X X X X X X X X X X X X X X
Flood event sampling X X X X X X X X X X X X X X X X X X X X X X X
Laboratory analysis X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Data analysis X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Data interpretation and  report/paper writing X X X X X X X
Hydrograph separation
Data analysis/hydrograph separation X X X X X X X X X X X X X
Data interpretation and  report/paper writing X X X X X X X X
Master courses X X X X X X X X X X
Thesis proposal X X X X X X X X X X
Preparation  of the Phd thesis X X X X X X X X X X X X X X X X X X X X X X X
Conferences X
Stay in other research groups X X X
Activities/ Tasks 2011 2012 2013 2014 2015
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